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INTRODUCTION 
Since 1972, t h e  Nat iona l  Aeronautics and Space Adminis t ra t ion (NASA) h a s  been 
conduct ing measurements of launch v e h i c l e  e f f l u e n t  (LVE) d u r i n g  s e l e c t e d  NASA and 
Air Force launches for  t h e  purpose of i n v e s t i g a t i n g  t h e  environmental  impact of  
launch v e h i c l e  emissions (mainly exhaus t  of s o l i d - p r o p e l l a n t  r o c k e t  motors) on t ropo-  
s p h e r i c  a i r  q u a l i t y .  The LVE program is  a m u l t i c e n t e r  a c t i v i t y  involv ing  Langley 
Research Center  ( L a R C ) ,  Georqe C. Marshal l  Space F l i q h t  Center  (MSFC), and John F. 
Kennedy Space Center (KSC). An i n i t i a l  program goal w a s  t o  assess t h e  a p p l i c a b i l i t y  
and accuracy of d i f f u s i o n  models for  p r e d i c t i n g  t h e  d i s p e r s i o n  of exhaus t  e f f l u e n t s  
from NASA launch v e h i c l e s  and i n  p a r t i c u l a r  from t h e  Space S h u t t l e  vehic le .  Curren t  
program qoals focus  on o b t a i n i n g  d a t a  bases to  assist i n  t h e  de te rmina t ion  of the 
environmental  e f f e c t s  of S h u t t l e  launches.  To m e e t  t h e s e  goals, measurements are 
made of t h e  ambient c o n c e n t r a t i o n s  of r o c k e t  exhaus t  products  a t  t h e  e a r t h ' s  s u r f a c e  
and w i t h i n  t h e  ground cloud formed dur ing  launch. These exhaus t  products  are pr i -  
mari ly  hydroqen c h l o r i d e  ( H C 1 )  and p a r t i c u l a t e s .  Previous LVE measurement a c t i v i -  
t i e s  focused mainly on t h e  T i t a n  111 launch v e h i c l e ,  t h e  c o u n t r y ' s  l a r q e s t  s o l i d -  
p r o p e l l a n t  r o c k e t  ( s imi l a r  t o  s o l i d  f u e l  used f o r  Space S h u t t l e )  v e h i c l e  prior t o  the 
Space S h u t t l e .  Measurements have a lso been made dur inq  Scout and Delta launches 
( r e f .  1 )  and dur inq  Apollo launches ( r e f .  2 ) .  
R e s u l t s  from previous  launches (1974 throuqh 1980) have been used t o  i n v e s t i q a t e  
t h e  many f a c e t s  a s s o c i a t e d  wi th  launch a i r - q u a l i t y  and environmental  impacts,  inc lud-  
i n g  such areas as comparisons of d i s p e r s i o n  model and measurements, HC1 p a r t i t i o n i n q  
(gas  vs aqueous aerosol) i n  t h e  exhaus t  c loud,  p h y s i c a l  qrowth and behavior  of t h e  
cloud,  meteoro logica l  parameters important  t o  cloud dynamics, r e a c t i o n  of exhaus t  
products  wi th  ambient a i r ,  and p o t e n t i a l  e f f e c t s  of launch emissions on t h e  environ-  
ment. The measurement r e s u l t s  combined with var ious  model and a n a l y t i c a l  s t u d i e s  
have qenera ted  a s u b s t a n t i a l  d a t a  base on LVE a c t i v i t i e s .  A comprehensive l ist  of 
previous p u b l i c a t i o n s  p e r t i n e n t  t o  ear l ie r  LVE s t u d i e s  i s  inc luded  as appendix A t o  
t h e  report. 
The f i r s t  Space S h u t t l e  (STS-1) was launched from KSC launch complex 39A 
(LC-39A) a t  0700 EST, A p r i l  1 2 ,  1981. NASA LVE a c t i v i t i e s  inc luded  a i r b o r n e  measure- 
ments of e f f l u e n t  w i t h i n  t h e  exhaus t  cloud, measurements on t h e  s u r f a c e  beneath t h e  
cloud,  photographic  documentation of cloud t r a j e c t o r y  and qrowth, and model c a l c u l a -  
t i o n  of down-wind e f f l u e n t  concent ra t ions .  This r e p o r t  summarizes the LaRC a i r b o r n e  
within-cloud measurements and t h e  o b s e r v a t i o n s  of exhaus t  c loud t r a j e c t o r y  and volume 
growth. The within-cloud measurements and t h e  cloud t ra jec tory /volume measurements 
are used t o  assess v a r i o u s  parameters and assumptions used i n  t h e  d i f f u s i o n  modeling 
of  t h e  exhaus t  cloud. The s u r f a c e  measurements provide a basis for a s s e s s i n g  the 
accuracy of the models used t o  c a l c u l a t e  t h e  e x h a u s t  e f f l u e n t  d e p o s i t i o n  beneath t h e  
cloud f o r  a g iven  launch. Surface measurements and model c a l c u l a t i o n s ,  which are n o t  
included i n  t h i s  report, w e r e  conducted for STS-1 by personnel  from t h e  o t h e r  partic- 
i p a t i n g  NASA c e n t e r s .  P o r t i o n s  of t h e  within-cloud data have a l r e a d y  been summarized 
a t  r e c e n t l y  h e l d  conferences  ( r e f s .  3 and 4 ) .  
SYMBOLS 
-1  s c a t t e r i n g  c o e f f i c i e n t ,  m Bscat 
H C l ( g )  hydrogen c h l o r i d e ,  gaseous state 
H C l ( t )  hydrogen c h l o r i d e ,  t o t a l  (gaseous p l u s  aqueous)  
RH relative humidity,  p e r c e n t  
T +  t i m e  re fe renced  to  launch (T = 0 ) ,  min 
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DESCRIPTION OF EXHAUST CLOUD 
The engine exhaus t  products  of i n t e r e s t  i n  t h e  LVE s t u d i e s  are those  p o r t i o n s  
e m i t t e d  below t h e  s u r f a c e  mixing l a y e r  ( t y p i c a l l y  1- t o  2-km a l t i t u d e ) .  This exhaust  
forms one or more c louds  w i t h i n  t h e  mixing l a y e r  which, as a r e s u l t  of t h e  h e a t  
c o n t e n t ,  rise and s t a b i l i z e  j u s t  below t h e  i n v e r s i o n  l a y e r  ( top of mixinq l a y e r ) .  
T i t a n  I11 measurements show t h a t  s t a b i l i z a t i o n  occurs  5 t o  10 min a f t e r  launch,  t h e n  
t h e  cloud d i f f u s e s  and d r i f t s  down-wind d e p o s i t i n g  e f f l u e n t s  a t  t h e  s u r f a c e .  This  
" s t a b i l i z e d "  exhaus t  c loud c o n t a i n s  engine exhaus t  ( s o l i d -  and l iqu id- fue led  
e n g i n e s ) ,  pad debris, pad deluge w a t e r ,  and e n t r a i n e d  ambient a i r  and can remain 
v i s ib le  f o r  p e r i o d s  of I t o  2 h r  a f t e r  launch. 
Engine exhaus t  products  from t h e  S h u t t l e  s o l i d -  and l i q u i d - f u e l e d  engines  
inc lude  HC1, A1203 ,  H 2 0 ,  C02, N2,  NO, and o t h e r  minor species. 
t h e  approximate compositions of t h e  exhaus t  products  by major species, inc luding3 
( 1 )  the estimated t o t a l  mass of exhaus t  products  i n j e c t e d  i n t o  t h e  cloud,  ( 2 )  t h e  
m a s s  percentage of species a t  the nozzle  e x i t  p lane  of t h e  Space S h u t t l e  engines ,  
(3 )  t h e  m a s s  percentage  of species fol lowing a f t e r b u r n i n g  e n t r a i n e d  ambient a i r .  The 
data of table I are f r o m  r e f e r e n c e s  5 t o  7. N o t  inc luded  i n  t h e  estimates of table I 
Shown i n  table  I are  
are species e n t r a i n e d  i n t o  the cloud from such sources  as the pad deluqe w a t e r ,  pad 
and s o i l  d e b r i s ,  and e n t r a i n e d  amhient a i r .  The range of exhaus t  m a s s  i n  t h e  c loud  
t a k e s  i n t o  account  t w o  cases: 1-km s t a b i l i z a t i o n  a l t i t u d e  and 15 sec of engine 
exhaus t ,  and 2-km s t a b i l i z a t i o n  a l t i t u d e  and 24 sec of engine  exhaust .  By t h e  t i m e  
of s t a b i l i z a t i o n ,  over 99 p e r c e n t  of t h e  cloud m a s s  i s  a t t r i b u t e d  to  e n t r a i n e d  
ambient a i r .  Photographs of t h e  exhaus t  cloud dur ing  t h e  STS-1 launch are shown i n  
f i g u r e  1. 
MEASUREMENT PROGRAM 
The a i r b o r n e  sampling s t r a t e g y  and i n s t r u m e n t a t i o n  used i n  the LVE program have 
been p r e v i o u s l y  d i s c u s s e d  (refs.  8 t o  12) .  Descr ip t ions  of t h e  photographic  data and 
a n a l y s i s  of t h e  cloud t r a j e c t o r y  and growth c a l c u l a t i o n s  are available f r o m  refer- 
ences 9 and 13. A summary of t h e  measurement program for STS-1 is given here in .  The 
surface-level-measurement and diffusion-model ing ac t iv i t i e s  are n o t  addressed i n  t h i s  
document. 
A i r c r a f t  Sampling Plan 
The sampling p la t form,  a twin-engine l i g h t  a i r c ra f t  (Cessna 402, f i g .  2) w a s  
a i r b o r n e  30 min prior t o  launch and p o s i t i o n e d  i n  a h o l d i n g  p a t t e r n  approximately 
10 km w e s t  of t h e  launch pad. Approximately 1 min a f t e r  launch,  t h e  a i r c r a f t  w a s  
r e l e a s e d  from i ts  hold ing  p a t t e r n  by t h e  Ranqe Safe ty  O f f i c e r  and t h e  sampling m i s -  
s i o n  w a s  begun. The f i r s t  sampling pass  occurred a t  T + 9 min. (See table 11.) 
The sampling p l a n  c o n s i s t e d  of  a series of alonq-wind and cross-wind p e n e t r a t i o n s  
( f i g .  3) of t h e  cloud.  A l l  passes (except pass 4) w e r e  in tended  to  be through t h e  
c e n t r o i d  of t h e  cloud as determined v i s u a l l y  by t h e  f l i q h t  c r e w .  By desiqn,  pass  4 
w a s  approximately 100 m b e l o w  t h e  v i s ib le  cloud. P r e d i c t i o n s  and observa t ions  o f  
t h e  s t a b i l i z a t i o n  a l t i t u d e  and t h e  t r a n s p o r t  d i r e c t i o n  of t h e  cloud c e n t r o i d  w e r e  
provided by r a d i o  t o  assist t h e  f l i g h t  c r e w  i n  i n i t i a l i z i n g  t h e  f l i g h t  sequences.  
Modif icat ions t o  t h e  f l i g h t  p l a n  w e r e  made as necessary by t h e  f l i q h t  c r e w  based on 
t h e i r  o b s e r v a t i o n s ,  d a t a  onboard t h e  a i r c r a f t ,  and cloud behavior .  For t h e  STS-1 
launch, 31 sampling passes  w e r e  made before  t h e  a i r c r a f t  landed f o r  f u e l .  Two 
clouds w e r e  sampled. Passes  1 t o  9 (T + 9 min t o  T + 43 min) sampled a cloud which 
s t a b i l i z e d  a t  about  900-m a l t i t u d e  and d r i f t e d  nor th  f r o m  t h e  launch pad along 
t h e  coast. Passes  10 to  31 (T + 50 min t o  T + 128 min) w e r e  through a cloud which 
s t a b i l i z e d  a t  about  1800-m a l t i t u d e  and d r i f t e d  in l and ,  w e s t  of t h e  launch pad. 
F l i g h t  parameters  a s s o c i a t e d  wi th  each sampling p a s s  are l i s t e d  i n  table 11. 
A i r c r a f t  Instrumentat ion 
The a i r c r a f t  (ref. 10)  w a s  equipped t o  monitor H C 1  (gaseous and gaseous p l u s  
aqueous) ,  suspended p a r t i c u l a t e s ,  temperature,  and dewpoint. In  suhsequent t e x t  and 
f i g u r e s ,  gaseous plus aqueous HC1 w i l l  be referred t o  as t o t a l  HC1 or H C l ( t ) .  Rou-  
t i n e  f l i g h t  parameters of a l t i t u d e ,  heading, and a i r s p e e d  w e r e  a lso measured. The 
a i r c r a f t  w a s  equipped wi th  a n  S-band t r a n s m i t t e r  beacon for  p o s i t i o n i n g ;  however, 
r a d a r  t r a c k i n g  of t h e  a i rcraf t  w a s  n o t  p o s s i b l e  because of launch requirements.  As 
discussed  i n  r e f e r e n c e  10, t h e  a i r c r a f t  and its sampling systems w e r e  designed spe- 
c i f i c a l l y  for  sampling launch e f f l u e n t .  Air samples are taken i n t o  t h e  a i rc raf t  
through i n l e t  probes l o c a t e d  i n  t h e  nose of t h e  a i rc raf t .  These probes extend f o r -  
ward of t h e  f low-f ie ld  d i s t u r b a n c e  c r e a t e d  by t h e  a i r c r a f t ,  t h u s  c o l l e c t i n g  undis-  
turbed free-s t ream a i r .  A l l  ins t ruments  have been used i n  previous LVE missions and 
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t h e  c h a r a c t e r i s t i c s  of t h e  ins t ruments  a r e  shown i n  t a b l e  111. The in s t rumen ta t ion  
is  d iscussed  i n  d e t a i l  i n  r e fe rences  8 t o  10, 1 2 ,  and 13. 
Two HC1 ins t ruments  w e r e  flown: a q a s - f i l t e r - c o r r e l a t i o n  ins t rument  s e n s i t i v e  
only t o  gaseous HC1 and a chemiluminescent ins t rument  s e n s i t i v e  t o  gaseous and 
aqueous a e r o s o l  HC1. Comparison of data be tween t h e  two ins t ruments  provides  HC1 
p a r t i t i o n i n g  (between gaseous and aqueous phases)  in format ion  about  the cloud.  Sus- 
pended p a r t i c u l a t e s  w e r e  a l s o  measured by t w o  techniques ,  each with a heated i n l e t  t o  
v o l a t i z e  l i q u i d  a e r o s o l s .  "he i n t e g r a t i n g  nephelometer measures t o t a l  suspended 
p a r t i c u l a t e s  as a func t ion  of t i m e  us ing  a l i g h t  ( v i s i b l e )  s c a t t e r i n g  technique.  The 
e f f i c i e n c y  a t  which l i g h t  is s c a t t e r e d  by small  p a r t i c l e s  is  s i z e  dependent. P a r t i -  
cles ranging i n  s i z e  from 0.2 pm t o  s e v e r a l  micrometers i n  diameter  a r e  most e f f i -  
c i e n t  a t  s c a t t e r i n g  v i s i b l e  l i g h t .  In t h i s  technique,  t h e  mass of suspended p a r t i c -  
u l a t e s  is  r e l a t e d  t o  the  measured l i g h t  s c a t t e r i n g  c o e f f i c i e n t  a f t e r  making c e r t a i n  
assumptions (see Data Reduction s e c t i o n )  concerning p a r t i c u l a t e  s i z e  d i s t r i b u t i o n  and 
p a r t i c l e  composition. The 10-stage qua r t z  c r y s t a l  microbalance ( Q C M )  measures sus-  
ranqes from 0.08 t o  about  60 i n  diameter.  Table I V  l ists  t h e  s i z e  c h a r a c t e r i s t i c  
f o r  t h e  Q C M  s t ages .  The 50-percent s i z i n q  c u t  p o i n t  f o r  a given s t a g e  impl ies  t h a t  
p a r t i c l e s  below t h a t  diameter  are c o l l e c t e d  on t h a t  s t a g e  a t  less than 50-percent 
e f f i c i e n c y .  The Q 2 M  uses  a cascaded c o l l e c t i o n  system with l a r g e r  p a r t i c l e s  being 
c o l l e c t e d  on t h e  e a r l i e r  s t ages .  A s  such, t h e  e f f e c t i v e  c o l l e c t i o n  s i z e  i n t e r v a l  f o r  
any qiven s t a g e  i s  def ined  by the  50-percent c u t  p o i n t  of t h a t  s t a g e  (lower bound) 
and the  50-percent c u t  p o i n t  of t he  previous s t age .  (See t a b l e  IV . )  The geometr ic  
mean diameter ,  which was c a l c u l a t e d  based on t h e  e f f e c t i v e  c o l l e c t i o n  s i z e  range of 
each s t a g e ,  r ep resen t s  the  nominal s i z e  of t he  p a r t i c l e s  c o l l e c t e d  on any given 
s t a g e .  Figure 4 i l l u s t r a t e s  t he  above d e f i n i t i o n s  f o r  s t a q e s  7 and 8 of t he  Q 2 M .  
P a r t i c u l a t e  mass concen t r a t ion  and s i z e  a r e  determined on a per-cloud-pass b a s i s ,  and 
p o s t f l i g h t  e lementa l  ana lyses  of p a r t i c u l a t e s  c o l l e c t e d  ( t o t a l  from a l l  p a s s e s )  on 
each QCM s t a g e  provides  composition information.  
pended-par t icu la te  mass concent ra t ion  (pg/m 3 ) i n  10 p a r t i c l e - s i z e  (aerodynamic) 
Cloud Photography 
The time-sequenced cameras were loca ted  a t  s u r f a c e  sites UCS-2, UCS-6, and UCS-9 
( f i g .  5) f o r  purposes of ob ta in ing  cloud photographs from which cloud t r a c k ,  cloud 
a l t i t u d e  p r i o r  t o  s t a b i l i z a t i o n  t ime, and cloud volume were c a l c u l a t e d .  Cameras were 
t i m e  sequenced t o  t h e  launch and loca ted  such t h a t  t h e  cloud was wi th in  t h e  viewing 
a r e a s  of a t  l e a s t  two of t he  t h r e e  camera sites. Only t h e  cloud which d r i f t e d  n o r t h  
of t he  launch pad w a s  t racked  by the  camera c r e w s ,  and photoqraphs were obta ined  t o  
about  T + 25 min. Beyond T + 25 min, t he  cloud e i t h e r  f i l l e d  the  frame of view of 
t h e  cameras o r  was i n d i s t i n g u i s h a b l e  from the  ambient background. 
DATA REDUCTION 
A i r c r a f t  Measurements 
D a t a  measured onboard the  a i r c r a f t  w e r e  recorded on magnetic tape  and/or s t r i p  
c h a r t s .  Data t apes  were l a t e r  d i g i t i z e d  a t  a r a t e  of 10 records /sec .  Most d a t a  were 
repor ted  as 1-sec averages.  Data f o r  HCl(g) w e r e  computer processed to  f i l t e r  high 
frequency noise ,  and r e l a t i v e  humidity of t h e  cloud was c a l c u l a t e d  from t h e  tempera- 
t u r e  and dewpoint da t a .  A i r c r a f t  a l t i t u d e  and heading are repor t ed  i n  meters above 
4 
mean sea level (MSL) and degrees  clockwise f r o m  magnetic north.  Gaseous and t o t a l  
HC1 are i n  t h e  convent iona l  u n i t s  of parts per b i l l i o n  (ppb) by volume. 
The nephelometer measures the l i g h t  s c a t t e r i n q  c o e f f i c i e n t  (Bscat, m-l) of sus-  
pended p a r t i c u l a t e s  wi th  diameters f r o m  about  0.2 pn t o  s e v e r a l  m i c r o m e t e r s .  The 
measurement may be converted t o  a n  approximate p a r t i c l e  m a s s  c o n c e n t r a t i o n  Bscat 
(pq/m ) by making assumptions f o r  par t ic le  s i z e  d i s t r i b u t i o n ,  p a r t i c l e  composition, 
and t h e  r e f r a c t i v e  index of t h e  particles wi th in  t h e  i n s t r u m e n t ' s  viewing volume. 
The m e r i t s  and u n c e r t a i n t i e s  associated wi th  t h e s e  c a l c u l a t i o n s  and assumptions are 
d i s c u s s e d  i n  t h e  l i t e r a t u r e  (e.q., refs. 14 and 15) .  Nephelometer d a t a  are repor ted  
as 
g e n e r a l l y  aqree wi th  Q 2 M  r e s u l t s  to  w i t h i n  a t  l eas t  a f a c t o r  of 2. 
3 
and as m a s s  concent ra t ion .  Mass c o n c e n t r a t i o n s  c a l c u l a t e d  from t h e s e  d a t a  Bscat 
3 The QCM measures suspended-par t icu la te  m a s s  c o n c e n t r a t i o n  (pg/m ) as a f u n c t i o n  
of t i m e  i n  10 p a r t i c l e - s i z e  (aerodynamic s i z i n g )  ranges f r o m  about 0.08- to  60-pm 
particle diameter.  Readout problems wi th  t h e  t w o  larqest  ranges ( s t a g e s  1 and 2) 
l i m i t e d  t h e  QCM d a t a  t o  about  15-pn diameter  or smaller. P a r t i c u l a t e s  w e r e  c o l l e c t e d  
on a l l  10 stages f o r  l a b o r a t o r y  a n a l y s i s .  To o b t a i n  a s t a t i s t i c a l l y  s i q n i f i c a n t  s a m -  
ple f o r  each cloud p e n e t r a t i o n ,  QCM r e s u l t s  are r e p o r t e d  on a per-pass basis,  r a t h e r  
t h a n  as a f u n c t i o n  of t i m e .  
a t  t h e  geometric mean diameter  of each stage. P a r t i c l e s  c o l l e c t e d  by t h e  Q2M w e r e  
analyzed pos t launch  u s i n g  scanning e l e c t r o n  microscopy (SEM) and energy d i s p e r s i v e  
X-ray techniques  t o  determine p a r t i c l e  shape and e lementa l  composition. 
QCM r e s u l t s  are repor ted  as mass concent ra t ion ,  pq/m3, 
Photographic Measurements of Cloud 
Cloud photographs taken a t  t h e  t h r e e  camera sites w e r e  used t o  c a l c u l a t e  cloud 
t r a j e c t o r y  from t h e  launch pad and cloud growth (volume) as a f u n c t i o n  of t i m e .  A t  
s e l e c t e d  t i m e s  a f t e r  launch, photographs from each camera s i te  w e r e  analyzed. Stan- 
dard t r i a n g u l a t i o n  procedures  w e r e  used t o  o b t a i n  c loud  t r a j e c t o r y .  Based on p r e v i -  
ous exper ience  ( T i t a n  LVE programs) and a n  error a n a l y s i s  of t h e  STS-1 cloud photo- 
graphic  d a t a ,  c loud l o c a t i o n s  are considered a c c u r a t e  t o  about  1 km. In a d d i t i o n ,  
t h e  techniques d i s c u s s e d  i n  r e f e r e n c e  8 w e r e  used t o  c a l c u l a t e  cloud volume us inq  
d a t a  from p a i r e d  camera s i tes  (UCS-6/UCS-9 and UCS-6/UCS-2). Based on previous  expe- 
r i e n c e ,  cloud volumes can be es t imated  t o  w i t h i n  k20 percent .  
RESULTS 
During t h e  d i s c u s s i o n  of t h e  STS-1 d a t a ,  f r e q u e n t  r e f e r e n c e  w i l l  be made t o  
previous  T i t a n  I11 r e s u l t s  f o r  t h e  fo l lowing  reasons:  
1. A c o n s i d e r a b l e  T i t a n  I11 LVE data base (see appendix A )  e x i s t s .  
2. The h is tor ica l  evidence of m o r e  than  30 T i t a n  I11 launches a t  KSC i n d i c a t e s  
t h a t  s i g n i f i c a n t  adverse environmental  effects w e r e  n o t  reported.  
3. The T i t a n  I11 w a s  t h e  c o u n t r y ' s  l a r g e s t  launch v e h i c l e  u s i n g  s o l i d - p r o p e l l a n t  
r o c k e t  motors prior t o  Space S h u t t l e .  
4. T i t a n  I11 e x h a u s t  products  are s i m i l a r  t o  those emitted by the S h u t t l e  
engines .  
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Cloud Behavior 
As has been observed f o r  some of t h e  T i t an  I11 launches,  t he  STS-1 exhaus t  c loud 
segmented and broke i n t o  mul t ip l e  p ieces .  As many as f i v e  s e p a r a t e  clouds w e r e  noted 
by some ground observers ;  however, two clouds w e r e  prominent and the  focus f o r  t h e  
a i r c r a f t  measurements. Cloud segmentation occurred a t  about  T + 8 min with one 
major cloud d r i f t i n g  no r th  (no r th  c loud)  and a second major cloud d r i f t i n g  w e s t  ( w e s t  
c l o u d ) .  The no r th  cloud d r i f t e d  up t h e  c o a s t  being in f luenced  by e a r l y  morning 
(7  a.m. launch)  c o a s t a l  cond i t ions .  It s t a b i l i z e d  a t  850- t o  950-m a l t i t u d e  and w a s  
sampled by t h e  a i r c r a f t  from about  T + 9 min (pass  1 )  t o  about  T + 43 min (pass  9 ) .  
The ground t r a c k  of t he  no r th  cloud as determined by photographic  d a t a  from t h e  t h r e e  
camera sites is shown i n  f i g u r e  5. Approximately 25 min of cloud t r ack  was a v a i l -  
a b l e  from the  cloud photographic  d a t a .  The w e s t  c loud d r i f t e d  in land ,  away from t h e  
c o a s t a l  environment. It w a s  no t  t racked  by t h e  camera c r e w s  bu t  was sampled by the  
a i r c r a f t  from about  T + 50 min (pass  10)  t o  T + 128 min (pass  31) .  Based upon t h e  
a i r c r a f t  f l i g h t  a l t i t u d e s ,  t h e  west cloud w a s  s t a b i l i z e d  a t  about  1400-m a l t i t u d e  
( T  + 50 min),  s lowly d r i f t i n g  upwards t o  an a l t i t u d e  of about  1900 m ( T  + 128 min).  
Figure 6 shows t h e  a i r c r a f t  f l i g h t  a l t i t u d e s  f o r  each of the sampling passes .  
The c a l c u l a t e d  volume of t he  no r th  cloud is shown i n  f i q u r e  7. The volume enve- 
lope (shaded area) shown is t h e  r e s u l t  of two s e p a r a t e  ( d a t a  from d i f f e r e n t  pa i r ed  
camera s i tes)  volume de termina t ions  made a t  each t i m e .  Volume c a l c u l a t i o n s  beyond 
8 min a r e  not  shown and a r e  ques t ionab le  f o r  t w o  reasons .  F i r s t ,  t h e  cloud t r a j e c -  
t o r y  ( f i g .  5) was d i r e c t l y  towards camera s i te  UCS-9 and when t h e  cloud w a s  wi th in  2 
t o  3 km of the  s i te  ( T  + 8 m i n ) ,  photographic  d a t a  from t h e  s i t e  were of no f u r t h e r  
use i n  t he  volume c a l c u l a t i o n s .  Second, dur ing  t h e  f i r s t  8 t o  10 min,  d a t a  from t h e  
camera s i t e s  were provid ing  near  or thogonal  views of t h e  cloud dimensions, b u t  by 
T + 10, the  l o c a t i o n  of t he  cloud was such t h a t  t h e  two remaining s i t e s  (UCS-2 and 
UCS-6) w e r e  p rovid ing  e s s e n t i a l l y  t h e  same view. The technique used i n  c a l c u l a t i n g  
the  cloud r e q u i r e s  approximate or thogonal  views (from two s i tes)  of t he  cloud i n  
o rde r  no t  t o  gene ra t e  l a r g e  e r r o r s  i n  t h e  c a l c u l a t i o n .  Based on t h e  STS-1 d a t a ,  t he  
camera s i te  l o c a t i o n s  r e l a t i v e  t o  the  cloud t r a c k ,  and an a n a l y s i s  of t he  volume c a l -  
c u l a t i o n  technique,  volumes beyond 8 min may be i n  e r r o r  by a s  much a s  a f a c t o r  of 2 
o r  3. 
A i r c r a f t  Measurements - North Cloud 
Figures  8 and 9 show t y p i c a l  d a t a  from samplings of t h e  no r th  cloud. Figure 8 
f o r  pass  2 ( T  + 15 min) and f i g u r e  9 f o r  pass 9 ( T  + 43 m i n )  show HC1 (gaseous 
and t o t a l ) ,  p a r t i c u l a t e  (nephelometer) ,  temperature ,  and r e l a t i v e  humidity p r o f i l e s  
through the exhaust  cloud. As shown by t h e  f a s t e r  responding ins t ruments ,  chemilu- 
minescent d e t e c t o r  and nephelometer, HC1 and p a r t i c u l a t e s  e x h i b i t  s i m i l a r  p r o f i l e s  
w i th in  t h e  cloud. Sampling a l t i t u d e s  f o r  t hese  two passes  a r e  approximately 940 m 
(pass  2 )  and 880 m (pass  9 ) .  These d a t a  a r e  t y p i c a l  of those  observed i n  each pass  
through t h e  nor th  cloud. Maximum peak concen t r a t ions  occurred during pass  1 with an 
H C l ( t )  concenfra t ion  of 14.9 ppm, an HCl(g) concen t r a t ion  of 3.5 ppm, and a p a r t i c u -  
l a t e  loading (nephelometer) of 668 pg/m3 equ iva len t  t o  a B s c a t  of 17.6 x m-l  
Minimal peak values  occurred dur ing  pass  7 and were 2.9 ppm, 0.6 ppm, and 253 pq/m 
(Bscat = 6.7 x m-l ), r e s p e c t i v e l y .  Pass 4, approximately 100 m below the  v i s -  
i b l e  cloud (640-m a l t i t u d e ) ,  showed s u b s t a n t i a l l y  lower concen t r a t ions  of 1 ppm 
H C l ( t ) ,  0.2 ppn HCl(g),  and 180 pg/m3 (Bscat = 4.7 x m'l) f o r  p a r t i c u l a t e s .  For 
t h e  no r th  cloud, only about  25 p e r c e n t  of t h e  HC1 w a s  i n  t h e  gaseous s t a t e .  Re la t ive  
humidity i n  the  cloud w a s  g e n e r a l l y  60 to  70 pe rcen t  ( a t  ambient l e v e l )  showing some 
inc reases  up t o  80 pe rcen t  dur ing  t h e  f i r s t  few passes .  Temperature wi th in  t h e  cloud 
3' 
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w a s  a t  ambient l e v e l s ,  15OC t o  18OC. Figure 10 shows t h e  spec 
(maximum concen t r a t ions  observed dur ing  each p a s s )  with t i m e .  
(under t h e  c loud)  a r e  shown f o r  comparison. 
Typica l  QCM d a t a  obta ined  i n  t h e  nor th  cloud a r e  shown i n  
d i s t r i b u t i o n  s p e c t r a  of a l l  sampling of t he  nor th  cloud were s 
f i q u r e ,  i nc lud ing  pass  4 under t h e  cloud. Most p a r t i c l e s  w e r e  
es concent ra t ion  decay 
Data from pass  4 
f i q u r e  11. The s i z e  
m i l a r  t o  those of t h e  
of smal l  diameter ,  
l e s s  than 0.2 p. For example, a t  l e a s t  55 pe rcen t  of t h e  p a r t i c l e  mass w a s  con- 
c e n t r a t e d  i n  p a r t i c l e  s i z e s  a t  o r  below 0.11-pm diameter ;  85 percent  of mass, below 
diameters  of 0.17 pm. QCM r e s u l t s  showed, s i m i l a r  t o  t he  nephelometer, a qradual  
decrease  i n  t h e  averaqe p a r t i c u l a t e  concen t r a t ions  (pg/m ) with in  t h e  cloud dur inq  
t h e  40-minute sampling per iod  of t h e  nor th  cloud. Increased  p a r t i c u l a t e  concentra-  
t i o n s  observed f o r  a p a r t i c u l a r  sampling pass  are a t t r i b u t e d  t o  e r r o r s  of t h e  f l i g h t  
crew i n  l o c a t i n g  t h e  c e n t e r  of t h e  cloud and t o  l o c a l  inhomogeneity wi th in  t h e  cloud. 
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North cloud observa t ions  can be summarized as fo l lows:  
( 1 )  Cloud humidity was r e l a t i v e l y  high (60 to  70 p e r c e n t ) ,  b u t  qene ra l ly  a t  o r  
near  ambient l e v e l s .  
( 2 )  Cloud temperatures  were a t  ambient l e v e l s .  
( 3 )  HC1 e x i s t e d  mainly i n  t h e  aqueous s t a t e ,  only 25 p e r c e n t  of in-cloud HC1 was 
gaseous. 
( 4 )  The p a r t i c l e s  i n  t h e  cloud were mainly of t he  sma l l e r  diameter ;  85 percent  
of particle mass w a s  t h e  r e s u l t  of p a r t i c l e s  with d iameters  below 0.17 m. 
(5) Species  concen t r a t ions  gradual ly  decreased dur ing  t h e  40-min sampling per iod.  
A i r c r a f t  Measurements - West Cloud 
As s t a t e d  e a r l i e r ,  t he  w e s t  cloud s ' t ab i l ized  a t  a h iqhe r  a l t i t u d e  (1400 vs 
900 m) and i n  a much d r i e r  environment (ambient r e l a t i v e  humidity 10 t o  15 pe rcen t  
vs  60 t o  70 pe rcen t )  than t h e  nor th  cloud. The w e s t  cloud was sampled from 
T + 50 min (pas s  10)  t o  T + 128 min (pass  31) .  In accordance with the  l a t e r  sampling 
t imes and cloud d i f f u s i o n ,  west cloud concen t r a t ions  were gene ra l ly  lower than those 
observed f o r  t he  no r th  cloud. For t h e  w e s t  c loud,  maximum peak concen t r a t ions  occur-  
red dur ing  pass  11 ( T  + 55 min) and w e r e  f o r  H C l ( t ) ,  H C l ( q ) ,  and p a r t i c u l a t e s  (nephe- 
lometer ) ;  6.4 ppm, 4.7 ppm, and 175 p,g/m3 (Bscat = 4.6 x m - l ) ,  r e s p e c t i v e l y .  
By completion of t h e  samplinq ( T  + 128 min),  concen t r a t ions  had decayed t o  l e v e l s  
of 2 ppn H C 1  ( t o t a l  and gaseous)  and 80 to  100 w/m3 (Bscat = 2 t o  3 x 10-4 m - l )  f o r  
p a r t i c u l a t e s .  Shown i n  f i q u r e s  1 2  and 13 a r e  t y p i c a l  in-cloud d a t a  f o r  t h e  west 
cloud. Figure 14  shows decay of s p e c i e s  with t i m e  f o r  t h e  w e s t  cloud. The scatter 
i n  t hese  maximum concen t r a t ions  is a t t r i b u t e d  t o  a d i f f u s e  cloud and a s s o c i a t e d  
u n c e r t a i n t i e s  i n  l o c a t i n g  t h e  cloud c e n t e r  f o r  t he  var ious  a i r c r a f t  passes .  As shown 
i n  t h e  f i q u r e s  of appendix B, HCl(g) was observed t o  be h ighe r  than H C l ( t )  i n  many of 
t he  samplings of t h e  w e s t  cloud. These d i f f e r e n c e s  w e r e  of t h e  order  of 0.5 to  1 ppm 
occur r ing  a t  concen t r a t ions  below about  3 ppm. While t h e o r e t i c a l l y  impossible  f o r  
HCl(g) t o  exceed H C l ( t ) ,  t h e  observed d i f f e r e n c e s  are a t t r i b u t e d  t o  ins t rument  e r r o r s  
a t  these  r e l a t i v e l y  low concen t r a t ions  which may inc lude  -some or a l l  of t he  follow- 
ing:  ( 1 )  ins t rument  c a l i b r a t i o n  e r r o r s ,  ( 2 )  a decrease  i n  t h e  s e n s i t i v i t y  f o r  the 
H C l ( t )  ins t rument ,  and ( 3 )  an i n c r e a s e  i n  t h e  s e n s i t i v i t y  f o r  t h e  HCl(g) instrument .  
The H C 1  ins t ruments  showed no s e n s i t i v i t y  changes based on l abora to ry  (prelaunch and 
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pos t launch)  c a l i b r a t i o n s .  Nei ther  ins t rument  is c a l i b r a t e d  i n  f l i g h t ,  a l though va r i -  
ous e l e c t r o n i c  func t ions  a r e  checked. As t h e  r e s u l t  of t h e  d i f f e r e n t  ope ra t ing  p r i n -  
c i p l e s  and sample f lowra te  requirements  of each ins t rument ,  d i f f e r e n t  HC1 s t anda rds  
a r e  used i n  t h e  c a l i b r a t i o n  of each ins t rument .  While each s t anda rd  is  c a r e f u l l y  
prepared and c e r t i f i e d  (-10-percent a b s o l u t e  accu racy ) ,  concen t r a t ions  of 1 or 2 ppm 
a r e  d i f f i c u l t  t o  prepare  and c e r t i f y  a t  t h e  IO-percent l e v e l .  The H C l ( t )  ins t rument  
can show a s e n s i t i v i t y  decrease  a t  low humid i t i e s  ( w e s t  c loud humidity w a s  10 t o  
15 pe rcen t )  . For example, l abo ra to ry  d a t a  (unpubl i shed)  show t h a t  HC1 i n  d ry  n i t r o -  
gen (4 percen t  RH) mixtures  are n o t  a c c u r a t e l y  de t ec t ed .  On t h e  o t h e r  hand, f i e l d  
tests ( r e f .  16) i n  a d e s e r t  environment (-10 pe rcen t  RH) showed no s e n s i t i v i t y  
decrease  over  s e v e r a l  hours of opera t ion .  HCl(g) c o n c e n t r a t i o n s  w e r e  q e n e r a l l y  
g r e a t e r  than H C l ( t )  f o r  west-cloud sampling. This w a s  i n t e r p r e t e d  a s  implying t h a t  
HCl(q) w a s  80 t o  100 pe rcen t  of t h e  t o t a l  HC1 p re sen t .  The fo l lowing  a r e  gene ra l  
observa t ions  from t h e  west-cloud d a t a :  
( 1 )  Cloud r e l a t i v e  humidity is  l o w ,  b u t  a t  ambient l e v e l s  of 10 t o  15 pe rcen t ,  
and f o r  some passes ,  in-cloud humidity i n c r e a s e s  by as much as 10 pe rcen t .  
( 2 )  The ma jo r i ty  of t he  HC1 p r e s e n t  i n  t h e  cloud is i n  t h e  gaseous s t a t e .  Gas- 
eous HC1 ranged from 64 t o  over  100 pe rcen t  of t o t a l  HC1. Except f o r  t h e  
f i r s t  few passes  of t h e  w e s t  cloud (passes  10 to  121, t h e  d a t a  i n d i c a t e  
t h a t  over  80 pe rcen t  of t h e  HC1 is  gaseous.  
( 3 )  As w a s  noted f o r  t h e  no r th  cloud, cloud temperatures  are a t  ambient values .  
Typical  QCM d a t a  obta ined  i n  t h e  w e s t  cloud a r e  shown i n  f i q u r e  15. The s i z e  
d i s t r i b u t i o n  s p e c t r a  of a l l  west-cloud sampling a r e  s i m i l a r  t o  those  of t h e  f i q u r e .  
In c o n t r a s t  t o  t h e  no r th  cloud,  s i g n i f i c a n t  p a r t i c l e  m a s s  i s  observed a t  t h e  l a r g e r  
diameters .  On t h e  average f o r  t h e  w e s t  cloud, over  40 percent of t h e  p a r t i c l e  mass 
r e s i d e s  i n  p a r t i c l e s  with mean geometric d iameters  of 5.4 p o r  l a r g e r ,  and less 
than 20 pe rcen t  of t h e  p a r t i c l e  mass i n  p a r t i c l e s  w i th  d iameters  less than 0.17 pm. 
Laboratory Analysis - Particle Composition 
P a r t i c l e s  c o l l e c t e d  on t h e  var ious  s t a g e s  of t h e  Q C M  w e r e  analyzed i n  t h e  laho- 
r a t o r y  us ing  scanning e l e c t r o n  microscopy (SEM) and energy d i s p e r s i v e  X-ray tech-  
niques.  The resul ts ,  which encompass a l l  cloud samplings (no d i s t i n c t i o n  between t h e  
two clouds o r  among t h e  31 p a s s e s ) ,  a r e  summarized and d i scussed  with r e fe rence  t o  
t h e  geometric mean diameter  of t h e  c o l l e c t e d  p a r t i c l e s .  
( 1 )  P a r t i c l e s ,  approximately s p h e r i c a l  i n  shape and con ta in ing  aluminum, w e r e  
found i n  a l l  s t a g e s  of t h e  QCM. These p a r t i c l e s  a r e  presumed to  be A1 0 (based 
on X-ray a n a l y s i s  showing aluminum, on t h e  s p h e r i c a l  shapes ,  and on previous  T i t a n  
r e s u l t s )  produced from t h e  burning of t h e  p r o p e l l a n t  which con ta ins  aluminum. 
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( 2 )  I n  s t a g e s  1 through 3 (42  p t o  about  10.7 pn i n  d i a m e t e r ) ,  SEM photographs 
show agglomerates,  c o n s i s t i n q  of i n d i v i d u a l  p a r t i c l e s  s tuck  toge ther .  This  suqges ts  
t h a t  coagula t ion  of p a r t i c l e s  i n  the  cloud may s i g n i f i c a n t l y  c o n t r i b u t e  t o  t h e  
observed l a r g e r  p a r t i c l e s .  Figure 16 shows an SEM photograph of some of t hese  l a r g e  
agglomerates (some g r e a t e r  than 40-p diameter )  c o l l e c t e d  on s t a q e  1 of t h e  Q C M .  
Figure 1 6 ( a )  shows some of t h e  agqlomerates ( p a r t i c l e s  A, B, and C)  as w e l l  a s  i n d i -  
v idua l  s p h e r i c a l  p a r t i c l e s  ( p a r t i c l e s  D, E, and F ) .  Figure 1 6 ( b )  is an enlargement 
of p a r t i c l e  A shown i n  f i g u r e  1 6 ( a ) .  X-ray ana lyses  of t h e s e  agglomerates show 
an abundance of aluminum r e l a t i v e  t o  o t h e r  elements.  As s t a t e d  earlier,  it w a s  n o t  
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possible t o  q u a n t i f y  t h e s e  particles by m a s s  because of t h e  readout  problems i n  
stages 1 and 2. As viewed i n  t h e  l a b o r a t o r y ,  t h e s e  l a r g e  agglomerates  are r e l a t i v e l y  
f e w  i n  number; however, they  may account  f o r  a measurable f r a c t i o n  of t h e  t o t a l  par- 
t i c u l a t e  m a s s  because of t h e i r  large s i z e s .  
( 3 )  Shown i n  f i g u r e  17 i s  a n  SEM photograph of par t ic les  c o l l e c t e d  on s t a g e  6 
(1.3-pn diameter) of t h e  QCM. P a r t i c l e s  c o l l e c t e d  on s t a g e s  4 through 7 (5.4- t o  
0.69-prn geometr ic  mean diameter) w e r e  mostly s p h e r i c a l  i n  shape. These s p h e r i c a l  
particles (par t ic le  A, f ig .  17 )  w e r e  r i c h  i n  aluminum c o n t e n t .  Amorphous material 
p r e s e n t  on t h e  s t a g e s  (par t ic les  B and C )  showed a complex energy-dispers ion X-ray 
spectrum i n d i c a t i n g  t h e  presence  of sodium, magnesium, aluminum, s u l f u r ,  c h l o r i n e ,  
calcium, and i r o n .  
( 4 )  "he morphology of particles on s t a g e s  8 throuqh 10 (0.33- t o  0.11-pm geomet- 
r i c  mean d iameter )  w a s  complex wi th  many amorphous as w e l l  as s p h e r i c a l  shaped par- 
ticles. X-ray a n a l y s i s  showed abundant amounts of sodium, s u l f u r ,  c h l o r i n e ,  i r o n ,  
z i n c ,  and potassium, as w e l l  as aluminum. 
Summary of Aircraft D a t a  
Table V i s  a summary of t h e  maximum HC1 and p a r t i c u l a t e  c o n c e n t r a t i o n s  measured 
f o r  each pass. For comparison, f i g u r e  18 combines t h e  decay d a t a  of f i g u r e s  10 
and 14. Figure 19 compares t h e  QCM par t ic le  s i z e  d i s t r i b u t i o n  for t h e  n o r t h  cloud 
(pass 9 )  and t h e  w e s t  cloud (pass 1 1 ) .  While t h e  t i m e  d i f f e r e n c e  between passes 9 
and 11 i s  only  1 2  min, a s i q n i f i c a n t  change i n  p a r t i c l e  s i z e  w i t h i n  t h e  two c louds  i s  
noted. Included as appendix B are f i g u r e s  showing HC1 ( t o t a l  
lates (nephelometer) ,  temperature ,  and r e l a t i v e  humidity d a t a  
i n g  passes. A l s o  inc luded  i n  t h e  appendix is a t a b u l a t i o n  of 
f o r  i n d i v i d u a l  passes. 
and 
for 
t h e  
qaseous) ,  p a r t i c u -  
m o s t  of t h e  s a m p l -  
QCM s i z i n g  r e s u l t s  
DISCUSSION OF RESULTS 
The r e s u l t s  from t h e  f i rs t  Space S h u t t l e  launch are ,  perhaps,  best d iscussed  by 
comparison wi th  ear l ie r  e f f l u e n t  measurements for  t h e  T i t a n  I11 launch vehic le .  The 
Ti tan  I11 has been launched from t h e  AFETR, F l o r i d a ,  s i n c e  t h e  1960's with no s i g n i f -  
i c a n t  adverse  environmental  e f f e c t s  havinq been repor ted .  Comparisons of t h e  S h u t t l e  
and T i t a n  should provide  t h e  r e a d e r  wi th  a r e f e r e n c e  p o i n t  f o r  i n t e r p r e t i n g  t h e  
S h u t t l e  d a t a .  Two p o i n t s  should be noted before  d i s c u s s i n q  t h e  comparisons. F i r s t ,  
only a d d i t i o n a l  S h u t t l e  d a t a  sets w i l l  determine t o  what e x t e n t  t h i s  f i rs t  d a t a  s e t  
is c h a r a c t e r i s t i c  of t h e  S h u t t l e  vehic le .  Second, t h e  T i t a n  d a t a  inc lude  r e s u l t s  
f r o m  approximately 12 launches (1973 to  1978) and no attempt has  been made t o  select  
only those  T i t a n  d a t a  sets obta ined  under meteoroloqical c o n d i t i o n s  s i m i l a r  t o  those  
of t h e  f i rs t  Space S h u t t l e  launch (STS-1) . 
Cloud Behavior 
Observat ions from t h e  T i t a n  launches have i n d i c a t e d  t h a t  g e n e r a l l y  a s i n g l e  
exhaus t  cloud forms w i t h i n  t h e  mixing l a y e r ;  however, m u l t i p l e  c louds have been noted 
i n  a f e w  launches (e.g., December 1974 (ref. 1 7 ) ) .  Launch c o n d i t i o n s  for  STS-1, 
namely an e a r l y  morning launch and t h e  e x i s t e n c e  of a m a r i t i m e  a tmospheric  l a y e r  
a long  t h e  coast, would be expected t o  r e s u l t  i n  meteorological c o n d i t i o n s  which might 
cause  cloud segmentation. I n  a d d i t i o n ,  the c o n f i g u r a t i o n  of the launch pad ( m u l t i p l e  
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e x h a u s t  d u c t s  and flame t r e n c h e s )  and t h e  launch v e h i c l e  ( large l i q u i d  and s o l i d  
engines  f i r i n g  a t  l i f t - o f f )  s u g g e s t  t h a t  t h e  Space S h u t t l e  would be more apt t o  pro- 
duce m u l t i p l e  clouds r a t h e r  than  one l a r g e  cloud. The d i r e c t i o n  of cloud d r i f t  and 
the a l t i t u d e  of s t a b i l i z a t i o n  are, as expected,  dependent upon e x i s t i n g  meteorology. 
Shown i n  f i g u r e s  20 and 21 are comparisons of c loud-cent ro id  a l t i t u d e  and cloud 
volume for t h e  Space S h u t t l e  wi th  those  of ear l ier  T i t a n  launches.  A l t i t u d e  d a t a  
( f ig .  20) taken  up t o  T -k 25 min are shown which cover the period t o  cloud s t a b i l i z a -  
t i o n  ( t y p i c a l l y  10 min). U p  t o  t h e  t i m e  of s t a b i l i z a t i o n ,  the cloud-centroid a l t i -  
tude  as a f u n c t i o n  of t i m e  is  dependent on launch v e h i c l e  dynamics as w e l l  as on t h e  
e x i s t i n g  meteorology. Beyond s t a b i l i z a t i o n ,  meteorology is t h e  c o n t r o l l i n g  param- 
eter. As seen  from t h e  f i g u r e ,  c loud-centroid a l t i t u d e s  for  the S h u t t l e  are very 
similar t o  those  of T i t a n  111, wi th  the STS-1 n o r t h  c loud  be ing  a l i t t l e  l o w e r  t h a n  
t h e  T i t a n  cloud. k o m  the volume comparisons of f i g u r e  21, S h u t t l e  ( n o r t h  c loud)  
volumes are s imi l a r  t o  Ti tan .  One would e x p e c t  the S h u t t l e  c louds  t o  be larger i n  
volume than  T i t a n  c louds  (exhaus t  mass about  2.4 t i m e s  t h a t  of T i t a n ) ;  however, the 
e x i s t e n c e  of m u l t i p l e  c louds  could account  f o r  t h e  volume of t h e  n o r t h  c loud  be ing  
l i t t l e  d i f f e r e n t  than  observed for Ti tan .  
As d i s c u s s e d  earlier, t h e  temperature  of t h e  STS-1 launch cloud is  e s s e n t i a l l y  
ambient. This has  been t h e  exper ience  from earlier T i t a n  measurements. Within min- 
u t e s  ( t y p i c a l l y  10 min) ,  t h e  m a j o r i t y  (=99 p e r c e n t )  of t h e  cloud is e n t r a i n e d  ambient 
a i r ;  thus,  ambient temperature  would be expected. I n f r a r e d  s t u d i e s  of T i t a n  clouds 
(ref. 18) a t  t h e  launch s i te  have a lso shown cloud temperatures  t o  be a t  ambient 
l e v e l s .  For example (from ref. 181, "Radiat ion i n t e n s i t i e s  from an ambient c loud and 
from an exhaus t  c loud w e r e  measured s imul taneous ly  wi th  a 3 t o  5.6 pm scanning  
radiometer.  After t h e  exhaus t  cloud s t a b i l i z e d ,  it could n o t  be d i s t i n g u i s h e d  from 
t h e  ambient c loud by t h e i r  temperatures .  However ,  t h e  r a d i a t i o n  i n t e n s i t i e s  from t h e  
t w o  c louds a t  v a r i o u s  wavelengths d i f f e r e d .  These d i f f e r e n c e s  w e r e  probably due t o  
composi t ional  d i f f e r e n c e s  between t h e  c louds  . . . ' I  
HC1 Concentrat ion i n  Cloud 
Shown i n  f i g u r e  22 is  a comparison of STS-1 and T i t a n  HC1 measurements. A l l  
data are peak, t o t a l  HC1 c o n c e n t r a t i o n s  measured onboard t h e  a i r c r a f t  d u r i n g  
samplings of  t h e  v a r i o u s  exhaus t  c louds.  Comparisons are shown €or o n l y  t h e  f i rs t  
50 min a f t e r  launch. The second T i t a n  upper d a t a  boundary ( f ig .  22) reflects t h e  
December 1974 d a t a  set  (ref. 1 7 ) .  During this launch, t h e  a i r c r a f t  sampled t w o  d i s -  
t i n c t  exhaus t  c louds.  The second cloud,  sampled af ter  T + 30 min, showed abnormally 
h igh  HC1 c o n c e n t r a t i o n s .  Post launch a n a l y s e s  of a v a i l a b l e  meteoro logica l  d a t a  sug- 
g e s t e d  t h a t  t h i s  second cloud w a s  t rapped between two stable l a y e r s  and, t hus ,  d i f -  
fused very slowly. The shaded area of t h e  f i g u r e  i n c l u d e s  the remaining T i t a n  d a t a  
and what is  be l ieved  t o  be nominal T i t a n  r e s u l t s .  As shown i n  t h e  f i g u r e ,  STS-1 
r e s u l t s  compare w e l l  wi th  t h e  nominal T i t a n  o b s e r v a t i o n s .  
As shown ear l ie r  f o r  t h e  STS-1 r e s u l t s  ( f i g s .  8, 9, 12, and 13 ) ,  HC1 and partic- 
u l a t e  c o n c e n t r a t i o n s  are s i m i l a r l y  d i s t r i b u t e d  w i t h i n  t h e  cloud.  This h a s  a l s o  been 
t r u e  for t h e  T i t a n  measurements, as i l l u s t r a t e d  i n  f i g u r e  23. The c o n c e n t r a t i o n s  
have been normalized based on t h e i r  peak values .  
I n  terms of p a r t i t i o n i n g  of HC1 between t h e  gaseous and aqueous states w i t h i n  
t h e  exhaus t  cloud, r e f e r e n c e s  19 and 20 d i s c u s s  t h i s  fo r  the T i t a n  and probably  ade- 
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qua te ly  desc r ibe  t h e  S h u t t l e  a l s o .  Ras i ca l ly ,  HC1 tends t o  e x i s t  mainly i n  t h e  aque- 
ous s t a t e  (60 t o  80 p e r c e n t )  e a r l y  a f t e r  launch ( t y p i c a l l y  t h e  f i r s t  20 min) .  Later, 
wi th  cloud d i l u t i o n  and lowering of r e l a t i v e  humidity wi th in  t h e  cloud (provided 
ambient humidity is  n o t  h i g h ) ,  t h e  major i ty  of HC1 (80 pe rcen t  o r  more) i s  found i n  
t h e  gaseous s t a t e .  Laboratory and a n a l y t i c a l  s t u d i e s  ( r e f s .  20 t o  23) i n d i c a t e  t h a t  
ambient temperature  and, t o  a l a r g e r  degree,  r e l a t i v e  humidity a r e  important  f a c t o r s  
i n f l u e n c i n g  HC1 p a r t i t i o n i n g .  These s t u d i e s  show t h a t  high humidi t ies  favor  the  
aqueous phase and a e r o s o l  formation,  and low humid i t i e s ,  t h e  qaseous phase. These 
d e s c r i p t i o n s  ( T i t a n  d a t a ,  l abo ra to ry  work, and a n a l y t i c a l  s t u d i e s )  compare w e l l  qual-  
i t a t i v e l y  with t h e  STS-1 obse rva t ions  of t he  high-humidity no r th  cloud and t h e  low- 
humidity w e s t  cloud. 
P a r t  i cu l a  t e Ob s e r va ti on s 
Figure 24 shows a comparison of nephelometer r e s u l t s  from Ti tan  with t h e  STS-1 
da ta .  Concent ra t ions  are peak va lues  a s  observed from t h e  var ious  a i r c r a f t  passes .  
Earlier comments regard ing  f i g u r e  22 and t h e  Ti tan  d a t a  a l s o  apply t o  f i g u r e  24, 
s i n c e  t h e  second T i t an  upper d a t a  boundary i n  both f i q u r e s  r e s u l t s  from the  December 
1974 Ti tan  measurements. As shown i n  f i q u r e  24, t h e  STS-1 r e s u l t s  l i e  w e l l  w i th in  
t h e  T i t a n  da ta .  
P a r t i c l e  s i z e  d a t a  ( Q C M )  from the  Ti tan  launches have ind ica t ed  a preference  f o r  
a bimodal d i s t r i b u t i o n  wi th in  t h e  cloud.  I n  almost a l l  obse rva t ions ,  peak mass load- 
ings  have been observed a t  about  0.l-pm geometric mean diameter .  The second mode 
(peak)  normally occurs  i n  t h e  range of 1-  t o  5-elm diameter .  The loca t ion  of t h i s  
second peak v a r i e s  from d a t a  set  t o  d a t a  s e t  and can vary among the  passes  of a qiven 
d a t a  set. Typica l ly ,  on a m a s s  concen t r a t ion  b a s i s  (pq/m3), t he  mode a t  0 . 1 - p  diam- 
eter shows mass equal  t o  o r  g r e a t e r  than the  mass i n  t h e  second mode. For t h e  STS-1 
d a t a ,  a bimodal d i s t r i b u t i o n  i s  n o t  p reva len t .  As d i scussed  f o r  Space S h u t t l e ,  
single-mode d i s t r i b u t i o n s  were observed with north-cloud peak mass loadinq occur r ing  
i n  a s i z e  range from 0.1- t o  0.2-c~m diameter ,  and west-cloud peak mass loadinq occur- 
r i n g  around 5 - p  diameter .  
Resu l t s  of p a r t i c u l a t e  composition ana lyses  of c o l l e c t e d  samples from T i t an  
launches and t h e  STS-1 launch show s i m i l a r  r e s u l t s .  P a r t i c l e s ,  s p h e r i c a l  i n  shape 
and r i c h  i n  aluminum, a r e  i n  e x i s t e n c e  i n  a l l  s i z e  ranges (0.1- t o  40-pm qeometric 
mean d i ame te r ) .  Occurrinq with these  s p h e r i c a l  p a r t i c l e s  a r e  i r r e q u l a r  shaped p a r t i -  
cles c o n s i s t i n g  of elements of aluminum a s  wel l  a s  sodium, s u l f u r ,  c h l o r i n e ,  po tas -  
sium, z inc ,  calcium, and i ron .  For T i t an  and STS-1, more i r regular -shaped  p a r t i c l e s  
a r e  observed a t  t h e  smal le r  s i z e s  (below I - p  d iameter )  and t h e  very l a rge  p a r t i c l e s  
have appeared t o  be agglomerates of a number of smal l  s p h e r i c a l  p a r t i c l e s .  These 
agglomerates,  a s  s t a t e d  e a r l i e r  f o r  STS-1 d a t a ,  a r e  r i c h  i n  aluminum con ten t .  
SUMMARY REMARKS 
During t h e  launch of t he  f i r s t  Space S h u t t l e  (STS-1) on Apr i l  1 2 ,  1981, d a t a  
were obta ined  on t h e  chemical makeup and phys ica l  behavior  of t h e  exhaus t  e f f l u e n t  
cloud. 
which show t h e  STS-1 r e s u l t s  and obse rva t ions  t o  be s i m i l a r  to  T i t an  r e s u l t s .  STS-1 
HC1 and p a r t i c u l a t e  concen t r a t ions  f a l l  wi th in  t h e  bounds of e a r l i e r  Ti tan  observa- 
t i o n s .  Major d i f f e r e n c e s  between STS-1 and T i t a n  obse rva t ions  w e r e  t h e  formation of 
The r e s u l t s  have been presented  and d i scussed ,  and comparisons have been made 
m u l t i p l e  STS-1 exhaus t  c louds  and t h e  p a r t i c u l a t e  s i z e  d i s t r i b u t i o n s  wi th in  t h e  STS-1 
nor th  and w e s t  c louds .  From t h e s e  comparisons, t h e  r e a d e r  can develop a r e f e r e n c e  
frame from which t h e  STS-1 environmental  d a t a  can be eva lua ted .  Future  measurements 
of S h u t t l e  launch v e h i c l e  e f f l u e n t  (LVE) w i l l  determine whether t h e  STS-1 r e s u l t s  are 
t y p i c a  1. 
Langley Research Center  
Na t iona l  Aeronaut ics  and Space Adminis t ra t ion 
Hampton, VA 23665 
November 2, 1982 
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SUMMARIES AND PLOTS OF STS-1 DATA 
This appendix summarizes data from the a i r c r a f t  sampling passes. Shown are 
plots  of HC1 ( t )  , H C 1 (  g ) ,  par t icu la te  concentration (nephelometer), temperature, and 
re la t ive  humidity as a function of time within the cloud. (See f igs .  B-1 to  B-24.) 
Only plots  for  passes w i t h  complete data se t s  are  presented. Since no HCllg) data 
(see table V) were obtained for  passes 10, 14, 16, 17, 24, 26, and 28, no plots  are  
shown for  these passes. Table B-1 shows the resu l t s  of the QCM par t i c l e  s iz ing 
measurements. 
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Figure B2.- D a t a  of pass 2, nor th  cloud. 
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33 
APPENDIX B 































Re1 a t  i ve humi d i  t y  
Temperature 
P a r t i c u l a t e s  (nephelometer) 
L / /  / 
~-~~~ r, '-- 
0 
5476 5496 551 6 5536 
Time a f t e r  launch,  sec 
Piqure B15.- Data of pass 19, w e s t  cloud. 
34 
. . _  ...  . 
APPENDIX B 































100 I :ii 0 e - 60 Re1 a t i  ve humidity Temperature Par t iculates  (nephelometer) - - - - - 
L 
30 
0 - 1  1 1  
5556 5576 5596 561 6 5636 
Time a f t e r  launch, sec 












5F f HC1(t) 
0 Mcl"' 
Time a f t e r  launch, sec 
(nep he 
d i  t y  
1 ometer) 







































5976 5996 601 6 6036 
Time after launch, sec 



































t .r- . \  / 
P \ I 
- 
























Re1 a t i  ve humi d i  t y  
Temperature 
Par t icu la tes  (nephelometer) 
6256 6276 6296 631 6 6336 
Time a f t e r  launch, sec 































2 5 7  
Relative humidity 























Particulates (nephelometer) r 
6576 6596 661 6 6636 6656 
Time after launch, sec 






























Time a f t e r  launch, sec 
F i g i r e  B21.- Data of pass 27, w e s t  Cloud. 
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( a )  S o l i d  engines  ( t o t a l s  for  t w o )  
Mass i n  c loud,  
kq 
42 000 t o  68 000 
34 000 t o  54 000 
30 000 t o  48 000 
12 000 t o  20 000 
13  000 to  21 000 
5 000 t o  8 000 
( C )  
( C  1 
( C )  
5 000 t o  7 000 
~ 
41 000 to  226 000 
Nozzle e x i t  p l a n e  flow 
A t  nozz le  e x i t  








( C )  
( C  1 
( C )  
3.2 
100.0 
Plumeb a t  1 km from e x i t  












- -  . .  
( b )  Liquid engines  ( t o t a l s  f o r  t h r e e )  
Mass i n  c loudI  
kg 
20 000 to  33 000 
700 to  1 000 
( C )  
21 000 t o  34 000 
~ 
~ 
. .  
Nozzle e x i t  p lane  f l o w  
A t  nozzle  e x i t  
p lane ,  p e r c e n t  





Plumeb a t  1 km from e x i t  





%rem r e f e r e n c e s  5 to  7 .  
bAf t e r b u r n i n g  is complete. 
'Less than 300 kg or 0.1 percent .  
dAssumed t o  be par t  of a i r .  





































TABLE 11.- F'LIGHT PARAMETERS FOR SAMPLING STS-1 LAUNCH 
Time after 
launch, 


































































































Aircraft t i m e  


































TABLE 111.- AIRCRAFT INSTRUMENTATION, STS-1 LAUNCH 
Species 
H C l ( t )  
Par ti cula tes 







Gas f i l t e r  correlat ion 
Nephelometer b 
Quartz c rys t a l  
m i  c r oba lance 
Resistance thermometer 
Cooled mirror 
. .. . . - . . ~  . 
Detection 
l i m i t a  
.1 OC . 1 o c  
Time response 
t o  90 percent 
of reading, sec 






N A ~  
a A s  flown €or STS-1 mission. 
CResponse s t a t ed  i n  terms of dewpoint temperature change per u n i t  of 
a heated i n l e t  t o  volat ize  l iquid aerosols .  
time; i .e. , 1 OC/sec. 
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TABLE 1V.- Q 2 M  SIZING CHARACTERISTICS 
60 t o  30 
30 t o  15 
15 t o  7.5 
7.5 to 3.7 
3.7 t o  1.8 
1.8 t o  1 
1 t o  .48 
.48 t o  .23 
.23 t o  .13 























- 1  7 
.11 
- - 
50-percent s i z i n g  
c u t  p o i n t ,  p 













































































































. -. ~.~ 
Par t ic les ,  








































7.2 x  IO-^ 
7.5 x  IO-^ 
6.7 
8.0 x 
7.0 x  IO-^ 
3.1 x  IO-^ 
4.6 x  IO-^ 
4.5 x  IO-^ 
3.2 x  IO-^ 
2.3 x  IO-^ 
4.2 x  IO-^ 
0.9 x  IO-^ 
1.3 x  IO-^ 
2.9 x 
2.7 x 
3.0 x  IO-^ 




3.0 x  IO-^ 
1.5 x  IO-^ 
2.6 
1.0 x  IO-^ 
2.3 x  IO-^ 
2.0 x  IO-^ 




a H C l ( t )  Total HC1 (gaseous plus aqueous). 
bHCl(g) z Gaseous HC1. 
'Nephelometer data. 






L-8 2- 2 0 1 
Figure 1 .- STS-1 cloud photographs, April 7 2, 1981. 
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L- 8 2- 20 2 
Figure 2.- Sampling aircraft. 
Exhaust  c loud  
cross-wind pass  
S t a r t  of along-wi 
End o f  along-wind p a s s  
End of  cross-wind p a s s  
Figure 3.- Plan view of aircraft  sampling plan. 
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- -  
Stage 7 effective 
size interval 
Stage 8 effective 
s i z e  interval 7 
p o i n t  
- 
F i g u r e  4.- I l l u s t r a t i o n  of QCM s i z i n g  i n t e r v a l s .  
0 
UCS 6 \ LC - 39A 
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30 L F- Part i cul ates \ I,/ (nephelometer) I 7 - empe ratu re 
I -- 
1 1  1 1 1  1 1 1  1 1 1 1  1 1 1 1  J I 1 1 1 1 1 1 1  
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Time after launch, sec 
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Relative humidity - - - /", Par t icu la tes  (nephel 
I \-. 
2576 2596 261 6 2636 













\ HC1 ( t )  HCl(9) ----- P a r t i c l e s  0 . .  ....... 0 Pass 4 (under c loud)  




HC1 ( t )  y- .--J"\ 
H c 1 p ) y  Le----- 
- I I I 
10 20 30 40 50 
Time a f t e r  launch, niin 
F igure  10.- Spec ies  decay w i t h  t i m e ,  n o r t h  c loud.  
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(b) Pass 9 a t  T + 43 min. 
Figure 11.- Typical in-cloud p a r t i c l e  s i z e  ( Q C M )  data, 









I 5~ 0 
J HC1 ( t )  
60 









3256 3276 3296 331 6 
0 1 A L 1  1 1  1 1  I I I I 1  I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
3236 
Time a f t e r  launch, sec 
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I I I I I I I I 1 . I  i I 1 I I 1 I I 1 I I 
Par t icu la tes  (nephelometer) f 
rRela t ive  humidity 
Tempera t u re  
Figure 13.- Typical  in-cloud d a t a  for w e s t  c loud,  pass  21 a t  T + 96 min. 
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Time a f t e r  launch, min 


























1 I I 1-11 
0.1 100 
Diameter, pm 

















(b) Pass 21 a t  T + 96 min. 
Figure 15.- Typical  p a r t i c l e  s i z e  ( Q C M )  d a t a ,  west c loud.  
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(a) Stage 1 pa r t i c l e s .  
(b) Enlargement of p a r t i c l e  A. 
L-82-203 
Figure 16.- Scanning electron microscopy photographs of aluminum 
oxide pa r t i c l e s  co l lec ted  on s taqe 1 of the GM. 
6 3  
L- 82- 2 0 4 
Figure 17.- SEM photograph of pa r t i c l e s  on s tage 6 of Q2M. 
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Time a f t e r  launch,  m i n  
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o  1 . .:. .$.g ....  .
4 8 12 16 20 20 40 60 80 10  
1 ° ~ ~ ~ ,  0 , , , , , ,  , ~ ,  , , , ,  , ,  , 1  
0 STS-1 (no r th  c loud)  
0 Ti tan  da ta  range 
F igure  21 .- Comparison of STS-1 ( n o r t h  c l o u d )  and T i t a n  c loud  volumes. 
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0 STS-1 d a t a  
Maximum i n - c l o u d  HC1 ( t )  
c o n c e n t r a t i o n ,  ppm 0 T i t a n  d a t a  r a n g e  
Second T i  t a n  uppe r  d a t a  boundary ,  f i n c l u d e s  12/74 T i t a n  d a t a  
0 20 30 40 50 60 
Time a f t e r  l a u n c h ,  min 
F i q r e  22.- Comparison of STS-1 and T i t a n  H C l ( t )  maximum in -c loud  c o n c e n t r a t i o n s .  
69 
HC1 ( t )  
_ - - - -  P a r t i  cul a t e s  (nephelometer) 
Normalized concent ra t ion  
1 
p 
I 1  1 - 1  I L r l  - 4  
0 4 8 12 16 20 24 28 
Time within cloud,  s ec  
( a )  Pass 2 a t  T + 5 min. 
Normalized concentrat ion 
0 4 8 1 2  16 
Time within cloud,  sec  
(b) Pass 9 a t  T + 22 min. 
F igure  23.- T i t a n  d a t a ,  December 1974 launch.  
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Time a f t e r  launch,  m i n  
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